Background: Low vitamin D and/or sun exposure have been associated with increased risk of multiple sclerosis (MS) onset. However, comparatively, few studies have prospectively examined associations between these factors and clinical course.
inTrODUcTiOn Of the various environmental and behavioral-and thus poten tially modifiable-risk factors implicated in the onset and pro gression of multiple sclerosis (MS), evidence for a role for vitamin D and ultraviolet radiation (UVR) exposure has been among the most consistent, on a par with smoking and EpsteinBarr virus exposure. As we have discussed elsewhere (1) , vitamin D and UVR exposure provide an excellent example of epidemiologi cal consistency with both onset (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) and clinical course (12, (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) , being supported by measures of preonset time in the sun, vitamin D intake, and direct measurement using measures of current sun exposure and vitamin D metabolites, and even indirectly by the wellrecognized latitudinal gradient in MS prevalence and incidence (26, 27) . Additional evidence comes from genetic studies that have detected significant associations with polymorphisms within or near vitamin Dassociated genes (28), as well as by recent Mendelian randomization studies that implicated genetic differences in 25(OH)D levels in the develop ment of MS (29, 30) . All this taken together has led us to wait with anticipation for the results of UV treatment and vitamin D supplementation as interventions against MS outcomes in randomized trials (31) . However, the results published thus far have had inconsistent findings. Some smaller studies showed some benefit of vitamin D supplementation, either alone or in addition to established immunomodulatory therapy (32, 33) , but others have shown no effects with some or all outcomes (32, (34) (35) (36) (37) (38) . Results from larger trials are yet forthcoming, including the PrevANZ study of vitamin D supplementation as an intervention against progres sion to clinically definite MS following a first demyelinating event (FDE), as well as the larger SOLAR study investigating vitamin D supplementation as an addon to interferonbeta therapy (31) . Additionally, the PhoCIS Study trial of UVR phototherapy as an intervention in patients with clinically isolated syndrome (39) recently reported its preliminary results, indicating a 30% reduc tion in subsequent conversion to MS in the treated vs. untreated group (40) .
The disparity between the relative consistency of the obser vational studies of the past two decades, mainly focused on MS onset, and these first randomized trials, mainly focused on clinical course, has been perplexing. One suggestion has been that sun exposure has benefits beyond vitamin D (10, 41) ; and therefore significant findings based on UVRderived vitamin D from observational studies do not translate into effect in the vitamin D supplementation intervention studies as only the effect of vitamin D is being tested. Others have suggested that the null hypothesis-that vitamin D/UV associations in observational studies merely represent unmeasured confound ing-is indicated by the results from randomized controlled trials (42, 43) .
To better understand the roles of sun/UVR exposure and vita min D in MS disease activity and progression, we analyzed sun exposure before and after onset of MS, as well as serum 25(OH) D levels and vitamin D supplementation after onset, for their associations with clinical outcomes in a prospective cohort study of participants followed since FDE.
MaTerials anD MeThODs

Participants and setting
The Ausimmune Study is a populationbased multicentre case control study designed to capture all incident FDE cases in four regions of eastern Australia: Brisbane city (latitude 27° South), Newcastle city and surrounds (33° South), Geelong city and the Western Districts of Victoria (37° South), and the state of Tasmania (43° South) (8) . The Ausimmune Longitudinal (AusLong) Study, which built upon the original Ausimmune Study, seeks to elu cidate environmental, genetic and personal risk factors for the onset and early progression of MS in case participants in the Ausimmune Study who had a first clinical diagnosis of CNS demyelination (FCD) and were thus at high risk of developing MS (44) . Since 2009 the AusLong Study has followed Ausimmune Study cases (retention rate 84.6%). The ethics committee of all participating centers approved the study; all participants signed written informed consent.
The cohort for the present analysis is slightly different to the original Ausimmune case cohort (8, 45) . Following review of clinical information at the 5year review, three of the original 282 cases were identified as not having had an MSassociated FDE (one neuromyelitis optica spectrum disorder, one Susac's syndrome, and one pineal germinoma). Additionally, three cases originally recorded as relapseonset were reclassified to progressiveonset on the basis of a clinical course devoid of discrete events but instead steady deterioration in function more befitting a progressive disease course (46) . With these adjust ments, there were 260 relapseonset cases (170 of whom had their FDE just prior to initial presentation and inclusion in the study and whom we define here as "classic FDE cases, " and 90 whose FDE had occurred at an earlier date). These participants were thus diagnosed as having MS on presentation to the study. In addition, there were 19 case participants with progressiveonset disease.
Our principal analysis was restricted to "classic FDE cases, " i.e., those participants with a relapseonset presentation whose first known event occurred just prior to notification to, and participa tion, in the Ausimmune Study (n = 170). Accordingly, all of the clinical events that occurred for these individuals did so during the prospective followup period, giving us greatest confidence in the reliability of these data. The participants with relapseonset presentation who had had an FDE more distant from their first participation in the Ausimmune Study, as well as the progressive onset cases, were not included in this analysis.
exposure Measures
Preonset sun exposure behaviors were queried at baseline, including time spent in the sun in various age categories were queried by questionnaire and life calendar: sun exposure during 6-10, 11-15, and 16-20 years periods, and 1, 2, and 3 years prior to baseline review were specifically queried by questionnaire. In addition, summer and winter sun exposure from age 6 onward were queried by personal work and residence calendar, including time spent outside and the location of residence. From the life calendar, we used satellite data to estimate the average daily dose of UVR for each month over each year of life according to the latitude and longitude of the location of residence. We combined this with data on time outdoors in each year of life to calculate the total summer and winter UVR exposures for each individual for various periods of life, hereafter referred to as UVRload. Postonset sun exposure for each year of followup in summer and winter was queried at each review (queried as <1, 1-2, 2-3, 3-4, and 4+ h/day and coded as 0, 1, 2, 3, and 4).
Change in sun exposure between baseline and 5year review was calculated for summer and winter, and for weekdays, week ends, and holidays. Decreases of −4, −3, or −2 correspond to moving 4, 3, or 2 increments down in the sun exposure parameter between reviews, and reciprocally, +2, +3, or +4 correspond to moving 2, 3, or 4 increments up in the sun exposure parameter between reviews. Values of 0, as well as +1 and −1, were inter preted as the participant's sun exposure for that parameter being unchanged between reviews, for example 1-2 h/day at both time points.
Serum was taken at each of the three facetoface reviews (baseline, 2/3year, 5year), from which serum 25hydroxy vitamin D3 (25(OH)D) levels were measured. Baseline serum 25(OH)D levels were measured at RDDT in Victoria, Australia, whereas 2/3 and 5year serum 25(OH)D levels were measured at Canterbury Labs in New Zealand. The 25(OH)D levels from these separate assays were compared in a subset of 50 samples that were measured with both assays and also at a laboratory at the US Centers for Disease Control and Prevention (CDC) that uses a 25(OH)D assay that is standardized to the NISTGhent reference measurement procedure. Based on these data we calculated a conversion algorithm to standardize the 25(OH)D values from each of the assays to the CDC assay using Deming regression. The (study baseline) RMIT translation function was 
)+ × .
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More comprehensive discussion of the methods involved in 25(OH)D measurement and consolidation of metrics to a stand ard are described elsewhere (47) .
Having standardized the 25(OH)D levels to the reference laboratory for all samples at the three measurement time points, deseasonalized 25(OH)D levels were estimated using separate sinusoidal regression functions for each of the four study sites [given the widely disparate levels of ambient UVR and thus seasonal patterns of variation in 25(OH)D], using functions described previously (17) . We estimated serum 25(OH)D levels at November 19 and May 20, the start of the summer and winter 6month seasons.
clinical course Measures
Two clinical outcomes were evaluated, namely hazard of conver sion to MS and hazard of relapse. Conversion to MS was defined primarily as the occurrence of two or more clinical demyelinating episodes, thus satisfying the diagnostic requirements of dis semination in space and time, or a single episode plus paraclini cal evidence, as per the 2005 McDonald criteria (48) including application of MRI criteria. Conversion to MS was reported at annual review and crosschecked with neurological records and confirmed by a study neurologist at 2/3 and 5 years. A relapse was defined according to the 2001 McDonald Criteria (49) as the acute or subacute appearance or reappearance of a neurological abnormality (lasting at least 24 h) in the absence of other potential explanatory factors. Relapses were reported at annual review and only relapses which were diagnosed and verified by a neurologist were included in the analysis.
Data analysis
Interreview differences in the proportions with different levels of the various sun/vitamin Drelated covariates were assessed by Chisquare test, and thence by logmultinomial regression to determine the magnitude and significance of changes in each level of the covariates between reviews.
Predictors of hazard of MS conversion and of relapse were evaluated by Cox proportional hazards regression models, the latter for repeated events. Time at risk for both outcomes was defined as starting from the date of symptom onset. All covariates satisfied the proportional hazards assumption except that of study site for relapse analyses.
Timevarying covariates were extrapolated forwards in time from their measure as appropriate. Thus, while baseline measured covariates and preonset parameters such as preonset sun exposure behaviors were extrapolated forward to cover all events, timevarying behavioral covariates (e.g., longitudinal sun exposure and sun behavior) were extrapolated forward only to the next annual measure of that variable, whereas serum 25(OH) D level was extrapolated forward only to 6 months from when the sample was taken, reflecting the greater variability of this parameter.
Tests for trend of categorical variables were undertaken by replacing the binary predictors with a single predictor, taking category rank scores.
All statistical analyses were conducted in Stata/SE 14.1 (StataCorp LP, College Station, TX, USA).
resUlTs
The cohort comprised 170 persons; however, for the purposes of evaluating change in behavior, analysis was restricted to the 145/170 persons who completed the 5year review. There were no material differences between the total cohort and those complet ing the 5year review (see Table 1 ), except for the proportion converting to MS and the number of recorded relapses, which were higher among those with followup to 5 years. During followup, 110 of 170 participants converted to clinically definite MS (64.7%) and experienced 265 relapses. Of the 145 participants who completed the 5year review, 100 (69.0%) had converted to MS and between them had 252 relapses; 35 participants (24.1%) had no relapses during followup.
Of the participants completing 5year review, over three quarters of the participants were female and the average age at study entry was 37.7 years. The largest proportions of participants were recruited in Tasmania (37.2%) and Queensland (26.2%). The average deseasonalized serum 25(OH)D concentration at baseline was 65.3 nmol/L, increasing to 70.3 nmol/L at fiveyear review. association between recent and Preonset sun exposure and conversion to Ms and relapse
Higher preonset UVRload parameters, both in summer and in winter, were associated with significantly reduced hazard of MS conversion ( Table 2) , most associations persisting on adjustment for age, sex and study site. More recent higher UVR exposure (UVRload in the year of the FDE, 2 years before FDE, 3 years before study entry) were also significantly associated with a reduced risk of converting to MS, persisting on adjustment. For relapse (Table 3) , summer UVRload at younger ages and most winter UVRload parameters were significantly associated with a reduced relapse hazard, though none of these were robust to adjustment for age, sex, study site, and use of immunomodula tory medication.
Analogous results were seen for absolute durations of sun exposure (data not shown).
association between Post-FDe sun exposure and conversion to Ms and relapse
In contrast to the associations of preonset and periFDE sun exposure parameters with MS and relapse, postFDE sun expo sure (duration and derived UVRload) showed no consistent associations with hazard of MS conversion or relapse. For hazard of MS conversion (Table 4) , whereas there was evidence of an inverse association with weekend summer UVRload, there was no association with weekday or holiday summer UVRload. Nearsignificant trends for winter weekend and holiday time in the sun showed no such trends when ambient UVR was accounted for in UVRload parameters. In analyses of relapse (Table 5) , whereas some summer and winter time in the sun variables showed inverse associations with relapse hazard, these were largely not robust to adjustment.
association between serum 25(Oh)D and conversion to Ms and relapse
As shown in association between changes in sun exposure Behaviors and conversion to Ms and relapse
To understand why postonset levels of sun/UVR exposure and 25(OH)D levels were not associated with outcomes, we examined whether people changed their behavior due to the knowledge that UVR exposure and high 25(OH)D levels may be beneficial for MS. We estimated the change in sun/UVR exposure behavior by subtracting the baseline data from the 5year data. On aver age, time in the sun was relatively stable over the five years of followup for most participants, with increases or decreases of only 1 category in summer and winter during the week (81.5 and 86.3%), weekend (75.3 and 88.4%), and holidays (69.2 and 76.7%). However, a moderate number of participants increased or decreased their time in the sun appreciably over time, 18-29% increasing or decreasing at least 2 increments in summer and 11-23% in winter. Examining spaghetti plots (graphical depictions of the change in a parameter over multiple time points for each individual within one plot) of these changes by study review found them to be consistent in direction over the study, only increasing or decreasing, rather than more erratic trajectories. It is these persons who greatly increased or decreased their sun exposure over the study that showed material associations with clinical course. As in Table 7 , persons who increased their sun exposure between baseline and 5year review showed significant reductions in both risk of MS and relapse over the preceding interval, whereas those who reduced their sun exposure had a greater risk of these outcomes. Utilizing UVRload rather than durations of time in the sun produced similar results. Fully expanding the increments of change found similar associations to consolidated increments (Table S2 in Supplementary Material). baseline to 5year review, or whether they changed, utilizing two cutpoints of 50 and 80 nmol/L, showed no association with MS or relapse ( Table 7) .
Evaluation of a totalstudy 25(OH)D trajectory, defined whether persons' 25(OH)D levels stayed low or high from
Viewing the results of totalstudy change in sun exposure behavior in Kaplan-Meier plot form (Figure 1) , these trends are more evident. For MS conversion for both summer weekends ( Figure 1A ) and holidays ( Figure 1B) , whereas those who decreased their sun exposure over followup had no materially different conversion risk compared to those not changing sun behavior, participants who increased their sun exposure had sig nificantly reduced hazards of MS conversion. For relapse hazard, differences were more marked for both weekend ( Figure 1C) and holiday ( Figure 1D) , with those who decreased their sun expo sure having significantly increased hazard of relapse, whereas those who increased sun exposure having significantly reduced relapse hazard. Given the impact of changing sunrelated behaviors over the course of the study on clinical course, we next investigated when these changes in sun and related behaviors occurred. Table 8 shows the changes that occurred over time. On aver age, people increased their sun and vitamin Drelated behavior during followup, and most of the change occurred within 1-2 years after study entry. The uptake of vitamin D supple ments occurred somewhat slower, but over the study duration the overall use nearly doubled from 24.1 to 40.2%, particularly vitamin Donly supplements (rather than multivitamins) where use increased 24fold, from 1.4 to 34.8%. In parallel with this, various sunrelated attire changed in favor of increased skin exposure, including the proportion wearing sunscreen in summer all the time (23.5% at 5year from 18.3% at baseline, p = 0.088) or wearing shortsleeved shirts in summer all the time (69.0% at 5year from 56.8% at baseline, p = 0.044), whereas the proportion reporting never wearing shortsleeved shirts in winter decreased from 89.9 to 76.6% (p = 0.004).
We also wanted to know whether people changed their behavior more after they converted to MS, as this is a point where patients are often being told that they have MS. For each patient, we compared the review closest to conversion with the review just after conversion of MS ( Table 9 ). There was no consistent evidence that conversion to MS was a time point where patients changed their behavior to a large extent.
DiscUssiOn
In this prospective cohort study of classic FDE cases followed for five years after FDE, we have shown that preonset sun exposure, particularly during childhood and adolescence, significantly predicts a reduced hazard of subsequent disease activity in early MS, including hazards of conversion to MS and of relapse. No consistent associations were observed between postonset sun exposure or serum 25(OH)D level and clinical outcomes. Interestingly, however, we found that those who increased their sun exposure during the study had a significantly lower risk of MS conversion and relapse than those whose sun exposure decreased or remained static.
The finding that preonset sun exposure behavior going back to early childhood significantly modulates clinical outcomes years later is a novel one. There is strong and consistent evidence from case-control studies that low childhood sun exposure (2, 5, 50) or vitamin D intake (9) are associated with increased risk of later being a MS case. Using the superior longitudinal cohort study design, we have likewise found significant protec tive associations of childhood and adolescent sun exposure with subsequent clinical course. These associations were particularly strong for conversion to MS, though there were some weaker associations with relapse. In addition, similar associations were seen for sun exposure in the period just preceding symptom onset, substantiating a role for sun exposure across the preFDE life course. Surprisingly, we found no consistent evidence of an associa tion between postFDE sun exposure and either MS conversion or relapse hazard, nor between postonset serum 25(OH)D levels and clinical course. These null findings were unexpected and inconsistent with other observations in support of a role for vita min D in MS clinical course (20-24, 26, 27, 51-53) . It raises the question whether there truly is no association (affirming the null hypothesis) or whether the study failed to detect an association (a false negative). Despite having the correct temporality in terms of assessing sun/vitamin D prior to the outcomes, it is possible that there were some unmeasured changes that we did not capture. For example, sun exposure and vitamin D supplementation measures were carried forward for one year, and unmeasured changes in that year could have biased the results toward the null. On average, people increased their sun and vitamin Drelated behav ior during the study and we found that most of the sunrelated changes occurred within 1-2 years after study entry, whereas vitamin D supplementation uptake occurred somewhat slower. This may suggest a Hawthorne effect, where people enrolled in a study are inclined to change the behavior being evaluated only because it is being studied. It is possible that this limited our abil ity to detect an association. We examined whether conversion to MS was a timepoint where patients changed their behavior, as they were told that they have MS and may have searched for potentially beneficial lifestyle behaviors, but there was no strong evidence for this. Certainly, however, the marked increases in sun exposure and vitamin D supplementation during followup may have impacted on our ability to assess these parameters' associa tions with clinical outcomes, since they would no longer be solely distributed by clinical phenotype. We were unable to fully evaluate whether these findings partly reflected disease or medicalinitiated alterations to these exposures over time due to the nonrandomized design. Our favored interpretation is that these results indicate behavior change by participants in sun exposure/vitamin Drelated parameters did occur after disease onset; this in keeping with results in this cohort seen for diet and supplementation behavior (54, 55) . This interpretation is guided partly by our finding of significant behavior change in this cohort, but also by the results from our analyses of totalstudy change in sun behavior and its association with MS conversion and relapse hazard. In those change analyses, we found three trajectories divided by participants' change in sun behavior. In one group, there was little or no change in UVR, of whom roughly 75% converted to MS and 60% failed by relapse. Among the subset that decreased their UVR by two or more levels, whereas their risk of MS was no different to the reference level, the proportion that failed by relapse was 80-90%, significantly greater than those whose UVR was unchanged. This result may be reflective of reverse causality -those who had greater clinical activity could realize decreased sun exposure. The other group, those who increased UVR during the study, is of interest -this group realized sig nificantly lower proportions converting to MS (<25%) and also lower proportions failing by relapse (<50%). This is not what one would expect by reverse causality and may allude to some beneficial effect of increasing sun exposure levels on the clinical course of MS. No associations were seen for levels of 25(OH)D, changes in 25(OH)D, vitamin D supplementation nor changes in vitamin D supplementation, which could suggest that UVR interventions, such as narrowband UVR (39) , could be more promising in producing beneficial outcomes for people with MS than vitamin D supplementation alone. Our study is unique in that it collected detailed prospective data on sun exposure, 25(OH)D levels and a large range of poten tial confounding variables. Though some measurement error of past sun exposure cannot be excluded, we used questions with demonstrated validity and reliability (7) . The multicentre nature of the cohort across the east coast of Australia allows it to be nationally representative, and Australia is demographically and culturally similar to other Europeandescent populations where MS is prevalent. The prospective nature of the followup post FDE with multiple time points of assessment would moderate the impact of reverse causality. The restriction to those with a classic FDE reduces the power of the study but increases the specificity of the findings. We do not have data on MRI metrics of disease activity largely due to the heterogeneous nature of the baseline scans collected (56) .
In conclusion, we found that preonset sun exposure was pro tective against subsequent conversion to MS and relapse. While we did not find an association between postonset sun exposure or 
